Introduction
The genetic algorithm (GA) (Holland, 1975) is an optimization procedure that implements the mechanics of natural selection and natural genetics, motivated by the concept of biological evolution. There have been many different applications of GA methodology (Goldberg, 1989; Davis, 1991) . We have been adapting it to RNA folding on the massively parallel architecture of the MasPar MP-2 supercomputer with 16 384 processors (Shapiro and Navetta, 1994; Shapiro and Wu, 1996) . After we successfully predicted the existence of the H-type pseudoknot of the bacteriophage T4 Gene 32 mRNA sequence with 1340 nucleotides and started writing this article, we learned of two other papers applying a GA to RNA folding using a different approach (Gultyaev et al., 1995; van Batenburg et al., 1995) .
In our RNA folding, the GA iterates mainly over a threestep evolution-like procedure-selection, mutation and crossover-using minimal free energy as a criterion to improve structures across all processors in parallel. At the very beginning, very simple structures are initialized across Image Processing Section, Laboratory of Experimental and Computational Biology, Division of Basic Sciences, National Cancer Institute, Frederick Cancer Research and Development Center, National Instututes of Health, Bldg 469, Rm 150, Frederick, MD 21702 and 'Frederick Biomedical Supercomputing Center, SAIC Frederick/LECB, NCI-FCRDC. Frederick, MD 21702 . USA all processors. At each generation (an iteration constitutes one generation), in each processor, the GA selects two RNA structures from itself and its eight neighbors (assuming the eight-way interconnected mesh architecture of the MasPar) using a ranked rule (biased towards the better free energies) (Goldberg and Deb, 1991; Shapiro and Navetta, 1994) , and takes them as parents Pi and P 2 . Then, the GA mutates the RNA structures by randomly picking stems according to an annealing mutation operator (Shapiro and Wu, 1996 ) from a stem pool, which is initialized from the sequence during the preprocessing phase, to form two child-structures C, and C 2 , excluding conflicting stems (i.e. overlapping stems). Next, the GA does a crossover operation between (/>,, P 2 ) and (C), C 2 ) to complete the two new structures, by distributing stems from Pi and P 2 to C, and C 2 , eliminating conflicts when they occur. Finally, between these two new structures, the GA chooses the one with better free energy to become the structure of the generation in the corresponding processor. Thus, 16 384 new structures are created in parallel at each generation. However, the mutation, crossover and selection operators invoked by other authors in RNA folding (Gultyaev etal., 1995; van Batenburg et al., 1995) are more like the ones described in the original GA approach (Goldberg, 1989) , by using binary strings. In addition, their GA's algorithms use single-processor machines. Our algorithms use the capabilities of a parallel SIMD (Single Instruction and Multiple Data) architecture, where local GA interactions occur in parallel and propagate throughout the population, using parallel mesh communications, thus causing completely different population interactions.
In our work, a new annealing mutation operator was also designed to deal with long RNA sequences which create large stem pools (Shapiro and Wu, 1996) . That is, the mutation probability descends along a hyperbola with respect to the size of the secondary structure, hence the total number of mutations at each generation decreases linearly. Especially for long sequences with thousands of nucleotides as opposed to hundreds of nucleotides, the new mutation operator can make the distribution of free energies over all processors on a MasPar MP-2 converge only after hundreds of generations, in contrast with an undetermined amount of generations. Consequently, based on this new mutation operator, a technique to terminate the GA was also developed. This new annealing mutation operator was applied to all cases stated in this paper.
An RNA sequence can be folded initially into a secondary structure consisting of free strands, Watson-Crick stems, along with four different types of loops: bulge, hairpin, interior and multibranch loops. Logically speaking, there might be interactions between a loop and a free strand, or a loop and a loop forming new stems. Thus, a secondary structure could be folded further into a tertiary structure. Such a tertiary structure is called a pseudoknot (Pleij et al., 1985) . As a result, there are 14 different types of pseudoknots: 10 due to loop-loop interactions and four because of loop-freestrand interactions. However, in reality, some of them are not possible because of stereochemical or thermodynamic reasons (Pleij, 1990) . A (simplest) H-type pseudoknot (Pleij, 1990) occurs when a hairpin loop pairs with a free strand to form a new stem. In addition, this new stem is adjacent to and coaxically stacks with the stem of the hairpin loop. The connecting loops consist only of free nucleotides.
The GA for RNA folding on a MasPar MP-2 was developed to predict such RNA H-type pseudoknots, and applied to folding the tRNA-like 3' end of turnip yellow mosaic virus (TYMV) RNA sequence with 86 nucleotides (Dam et al, 1992) , the 3' UTRs (untranslated region) of two satellite tobacco necrosis viruses STNV-2 and STNV-1 RNA with 619 and 622 nucleotides, respectively (Danthinne et al., 1991) , and the bacteriophage T2, T4 and T6 gene 32 mRNA with 946, 1340 and 946 nucleotides, respectively (McPheeters et al., 1988) . Using the existing energy rules (Freier et al., 1986; Abrahams et al., 1990) , the GA successively predicted the existence of the H-type pseudoknots for the above sequences. The prediction matched the phylogenetically supported tertiary structures of these sequences.
In the sections that follow, two intriguing issues, namely, the topology of structures and the energy rules of pseudoknots are discussed. The pseudoknot implementation and its relationship to the topology are described in a separate section. The results of the GA predicting the existence of Htype pseudoknots for the above three categories of RNA sequences, along with a discussion regarding the closing base pairs of stems, are presented. The visualization of the evolution of tertiary structures across all processors on a MasPar MP-2 is shown, and a conclusion can be found in the final section.
Topological structures and energy rules
To deal with the issue of pseudoknots based on our previous version of the GA, which only folds RNA into a secondary structure, two obstacles had to be overcome: one is the topological structures of the pseudoknots; the other is the related energy rules.
Two stems that are not conflicting, i.e. the sides of which are not overlapping, can form a pseudoknot if, and only if, one side of a stem is outside the bound of the 5' end and the 3' end of the other stem, while the other side of the stem is within the bound. Such a relationship is reciprocal for two stems forming a pseudoknot, For example, in Figure 1 , stem SI constitutes a pseudoknot with stems S2, S3 and S4, respectively, and vice versa.
Given a tertiary structure of an RNA sequence, without any a priori knowledge, it is very hard in most cases to determine the order of stem formation that comprises a pseudoknot. This is because of the relative positions of stems and loops in the tertiary structure.
Here are two examples. In Figure 1 , the tertiary structure could be formed due to the interaction of the free strand on the 3' side with the hairpin loop LI formed by stem SI to create stems S2, S3 and S4, or the interaction of the free strand on the 5' side with the hairpin loop L4 formed by the stem S4 to create stem S1.
In Figure 2 , a more complicated case is depicted. Shown here are two tertiary structures created with stems SI, S2 and S3, that are not topologically equivalent and therefore are probably not biologically equivalent. According to the above definition of a pseudoknot, stems S2 and S3 do not form a pseudoknot with stem SI, but stem S2 does form a pseudoknot with stem S3. The structures that they constitute could be due to the tertiary interaction either between hairpin loop L2 of stem S2 with interior loop LI to form stem S3, causing the coaxial stacking of stem S3 on top of stem S2 (see Figure 2a ) or between hairpin loop L3 of stem S3 with the interior loop LI to form stem S2, causing the coaxial stacking of stem S2 on top of stem S3 (see Figure 2b) . That is, in Figure 2b base pair b in stem S2 stacks with base pair c in stem S3. Such tertiary interactions are not only governed by geometrical factors such as length requirements of the connecting loops crossing the deep and shallow grooves, but also chemical and thermodynamic factors. Thus, the topological structure formed by base pair interactions would have to be determined to calculate the free energy correctly.
Based on evidence up to this point, it appears that pseudoknot interactions constitute only a marginal free energy gain (Wyatt et al., 1990) upon the folding of an RNA molecule in comparison to the associated secondary structure. The fitness criteria of the GA will tend to favor structures that have pseudoknots that produce a better free energy than the comparable structure without the pseudoknot. Stem formation in structures may occur in any order. However, if one stem or group of stems is more energetically favorable than another, there would be a tendency for the more energetically favorable stems to form first. This does not exclude the possibility of the formation of multiple stems in a given generation.
Besides the difficulty of dealing with the topology of the tertiary interactions, there is still a lack of energy rules which can be applied to the variety of pseudoknots. This is because very few experiments have been performed with pseudoknots. An appropriate energy rule can eliminate some structures which do not satisfy stereochemical or thermodynamic restrictions. This can be accomplished by the selection procedure and the competition between the two child structures after the crossover procedure at every generation of the GA. Regarding the regular secondary structures, energy rules developed by others (Freier et al., 1986) are employed in our applications. For the H-type pseudoknot, a simple energy rule (Abrahams et al., 1990) is invoked.
The H-type pseudoknot describes the tertiary interaction between a hairpin loop and a free strand without any intervening free nucleotides between the two stems involved. Therefore, these two stems can form a quasi-continuous double helix by coaxial stacking. The energy of such coaxial stacking contributes to the stability of the tertiary structure. Moreover, the two connecting loops only consist of free nucleotides. The connecting loop following the stem, which is closer to the 5' end of the sequence, crosses the deep groove of the RNA helix, and the other one crosses the shallow groove. The stable H-type pseudoknot can only have connecting loops shorter than 16 nucleotides, and are assigned 4.2 kcal/mol to each, which destabilizes the structure of an RNA sequence. Thus, the free energy of a pseudoknot is the sum of the energies of the two stems involved, their stacking energy and the energies of the two connecting loops.
Pseudoknot implementation
Just for naming simplification, stems that complete the formation of pseudoknots are called pseudoknot stems. While adding stems to a structure, a stem test not only excludes conflicting stems, but also identifies pseudoknot stems.
During the GA's three-step evolution-like procedure, each processor on the MasPar distinguishes stems, which constitute a secondary structure of an RNA sequence, from pseudoknot stems. That is, on each processor, two lists of stems are used to represent a tertiary structure. At each generation of the GA, after forming the intermediate secondary structures out of a list of stems, the possible Htype pseudoknot stems are added into the structures. Thus, at each generation, structures that contain pseudoknots are competitive with those that do not. This is different than generating a fully mature secondary structure and then adding pseudoknot stems from the remaining single-stranded regions at the end. In the latter case, it is very likely that some pseudoknots would never get a chance to be a part of a structure.
It is a deterministic process to produce a secondary structure from a list of stems, which are neither conflicting nor pseudoknot stems. These stems are arranged in the order of their 5' ends. A secondary structure of an RNA sequence can be treated as a tree, assuming that the stems constitute the edges of the tree, the free strands are contained in the root of the tree (i.e. the Oth node), and the loops of the secondary structure are the nodes of the tree. According to the 5'-end order of stems in the list, a tree, or equivalently a secondary structure, can be traversed along a contour starting from the root, going around the outside of the tree in a 5' to 3' direction, and finally ending at the root. While traversing a tree, the free energy of the corresponding secondary structure, including the free energies of stems and of loops, can be calculated by applying energy rules to the different morphological components of the secondary structure. In such a tree conformation, the sizes and relative positions of free strands, stems and loops in the secondary structure can be precisely determined (Shapiro, 1988; Shapiro and Zhang, 1990) .
While adding it to a secondary structure, the relative geometry of the pseudoknot stem with respect to all morphological components in the secondary structure can be determined completely. For example, it is easy to determine which loops, including the free strands (i.e. the Oth node of the tree), contain two sides of a pseudoknot stem; to examine whether there is any intervening stem between a pseudoknot stem and its partner; and to count how many free nucleotides there are on the two connecting loops of these two stems. In such a way, a pseudoknot can be identified whether or not it is a (simplest) H-type pseudoknot. Thereafter, the above energy rules regarding the H-type pseudoknots can be applied.
Results
Before discussing the results, a few comments concerning the closing base pairs of stems are required. As is known, when comparing the energy characteristics of the G-U base pair with that of the C-G and A-U base pairs, the G-U base pair is the weakest. Because of this weakness, there is a tendency for G-U base pairs sometimes not to close a stem. Therefore, some parameters can be established to determine whether or not the G-U base pair is allowed to close a stem at either end or both ends, and, if allowed, how many base pairs can be peeled from the ends of a stem and whether or not only the G-U base pair can be peeled.
Furthermore, not only do the results of the simulated RNA folding depend on the algorithm, the folding pathway and the energy rules, but they also depend on the stems that occur in the stem pool, which is created during the preprocessing phase of the GA. While generating a stem pool from a sequence, the different settings of the above described parameters can generate different stem pools. Certainly, a stem pool where G-U closure is prohibited can cause the formation of different structures than the one in which G-U closure is permitted as well as when a G-U closure can be unzipped. This is because during the GA procedure in each processor, the minimum free energy is used as a criterion to select a better structure from both itself and its neighbors, and to pick up the most stable structure from the two new children after mutation and crossover (Shapiro and Navetta, 1994; Shapiro and Wu, 1996) . For some sequences, stems with G-U closure can cause the structures to have better free energies. This does not necessarily mean that such structures match the ones which have been supported by phylogenetic evidence. Nevertheless, depending on the sequences, some appropriate restrictions can have a positive impact on the conformation of structures of RNA sequences.
We ran the GA on a MasPar MP-2 to search for the H-type pseudoknots in the tRNA-like 3' end of the TYMV RNA sequence with 86 nucleotides, the 3' UTRs of STNV-2 RNA sequence with 619 nucleotides and STNV-1 RNA sequence with 622 nucleotides, and the bacteriophage T2, T4 and T6 gene 32 mRNA sequences with 946, 1340 and 946 nucleotides, respectively. In the following context, a stem is geometrically represented by a 3-tuple containing the 5' start position of the stem, the 3' stop position of the stem and the number of base pairs in the stem.
The tRNA-like 3' end of TYMV RNA
The tRNA-like 3' end of TYMV RNA dealt with in this article has only 86 nucleotides. Although our GA is a stochastic procedure, running the GA on it only once is enough, i.e. the outcome remains the same for different runs. The restrictions on G-U closure can make a difference in the folding of the sequence.
If G-U closure is prohibited, the GA produces a tertiary structure with stems (1, 43, 3), (5, 20, 5), (22, 40, 6) , (45, 59, 4) and (66, 83, 6) , along with a pseudoknot stem (60, 74, 3) , where numbering is from the 5' end to the 3' end of the sequence. This structure has a free energy of -25.3 kcal/mol.
Starting with the fifth nucleotide C, i.e. intentionally discarding the first stem (1, 43, 3), their tertiary structure is the same as the one in the literature (Pleij, 1990) , except that the stem (66, 83, 6) has six base pairs including the closing U-A base pair, as shown in Figure 3 , rather than the five base pairs in the cited paper. The corresponding free energy is -25.0kcal/mol.
However, if G-U closure is allowed, as well as one base pair being permitted to be peeled from either end of a stem regardless of its type, i.e. a G-U base pair or not, another type of L-arrangement is generated, as shown in Figure 4 . Besides the stem (5, 20, 5), two pseudoknots occur: (22, 40, 6) with (32, 50, 3), and (66, 83, 6) with (59, 75, 4) .
The crucial point is that the 59th nucleotide G and the 75th nucleotide U might be inclined to form a base pair. This combination stretches stem (60, 74, 3) in Figure 3 out by one base pair to become stem (59, 75, 4) , and in the meantime destroys stem (45, 59, 4) in Figure 3 . Such a destruction facilitates the construction of the stem (32,50,3), which turns out to be a part of another H-type pseudoknot with stem (22, 40, 6) . The pseudoknot stem (32, 50, 3) forms a coaxial stacking with stem (22, 40, 6). Furthermore, this H-type pseudoknot along with stem (5, 20, 5) constitutes one arm of an L-shaped tertiary structure, in addition to the other arm formed by pseudoknot (66, 83, 6) with (59, 75, 4). The free energy of such a tertiary structure is -26.2 kcal/mol, and therefore it has a lower calculated free energy in comparison with the one in Figure 3 . ii i\ 111111
The 3' UTR ofSTNV-2 RNA As shown in Figure 5 , the 3' UTR of the STNV-2 RNA has 619 nucleotides, and consists of two domains: the 627th nucleotide to the 869th nucleotide, i.e. 243 nucleotides, and the 870th nucleotide to the 1245th nucleotide, i.e. 376 nucleotides, where the numbering is from the 5' end to the 3' end (Danthinne et al., 1991) . The first domain has 15 stems, and most stems are formed through short-range interactions (i.e. the 5' and 3' ends of a stem are not far apart). This domain contains a phylogenetically supported tertiary structure, that involves three H-type pseudoknots: (738, 751, 3) with (742, 764,7), (793,806, 3) with (798, 815,6) and (817,830, 3) with (822, 840, 6). They are denoted as PK1, PK2 and PK3, respectively. The second domain has 22 stems, and most stems are created by long-range interactions (i.e. the 5' and 3' ends of a stem are far apart), forming a tree structure with a long stalk. This domain has no pseudoknot. We ran the GA on the two domains combined, as well as on just the first domain separated from the second domain. After 50 runs of the GA on the entire sequence (combined domains), allowing G-U closure and a peelback of two base pairs, the algorithm collects a total of 234 positive stems, as shown in Table I Fig. 3 . The L-shape of the tertiary structure consisting of one pseudoknot at the tRNA-like 3' end of TYMV RNA (Pleij, 1990) . It is equivalent to the aminoacyl acceptor domain of tRNA. Numbering is from the 5' end to the 3' end. Fig. 4 . Another L-shape of the tertiary structure consisting of two pseudoknots at the tRNA-like 3' end of TYMV RNA. It is equivalent to the aminoacyl acceptor domain of tRNA. Numbering is from the 5' end to the 3' end. Table II , are true positive: eight stems (45 base pairs) are in the first domain and 10 stems (55 base pairs) are in the second domain. Among them, some stems may have one or two-base pair modifications at the end of the stem or one-base pair shift, when compared with the phylogenetically supported stems. Thus, with respect to the total of 37 stems (182 base pairs) in the phylogenetic structure as indicated in Table I , the 18 true-positive stems (100 true-positive base pairs) are found at the rate of 49% (55% with respect to base pairs). In addition, some of them appear at high percentages and constitute major parts of the structure.
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Regarding the pseudoknots in the first domain of this sequence, as shown in Table II , two stems (817, 830, 3) and Table II . The appearance of 18 true-positive stems of the 3' UTR of the STNV-2 RNA predicted by the GA after 50 runs on the two domains combined above 50% rate. Stems with an asterisk have one or two-base pair modification at the end of the stem, or one-base pair shift. Stems (817, 830, 3) and (822, 840, 6 ) form pseudoknot PK3, as depicted in Figure 5 . The pseudoknot stems (738,751, 3) and (793, 806, 3) , as the counterparts of stems (742, 764, 7) and (798, 815, 5) (the latter one has one-base pair modification at the end of the stem) in PK 1 and PK2, respectively, do not occur in this To explore the algorithm further, the GA was run just on the first domain of the 3' UTR of the STNV-2 RNA with G-U closure and a peelback of one base pair. After 50 runs, the G A collects 52 stems. Among the 52 positive stems, 13 stems appear >50% and eight stems occur less frequently but above 20%. Within the 13 positive stems, there are nine truepositive stems (i.e. 69%), as depicted in Table III . Only one stem (688, 703, 5) has a one-base pair modification at one end, when compared with the correct stem (689, 702, 4). Thus, with respect to the total of 15 stems in the phylogenetic structure in Table I , these nine true-positive stems are found at the rate of 60%.
Concerning the pseudoknots, the stems (817, 830, 3) and (822, 840,6) of PK3 co-appear 49 times out of 50 runs, i.e. the appearance rate of PK3 is 98%. The stems (738, 751, 3) and (742, 764, 7) of PK1 co-occur 29 times at the rate of 58%, although the stem (742, 764, 7) appears 20 more times alone. The stem (798, 815, 6 ) of PK2 appears as high as 45 times, but its counterpart stem (793, 806, 3.) is not predicted. The stem (767, 776, 2) which is supported by the phylogenetic evidence, never appears, but a different stem (767, 793, 3) occurs 29 times instead. This might hamper the formation of the pseudoknot stem (793, 806, 3), because C 793 interacts with G 767. Besides these indicated stems, the appearance rate of most stems is quite high.
Using the GA, with 50 runs, the average free energy of the entire structure of the 3' UTR of the STNV-2 RNA is -155.1 kcal/mol, and that of the first domain is -58.8 kcal/ mol. Invoking the same energy rules, the free energy of the phylogenetic structure of this sequence is calculated to be -124.7 kcal/mol, and that of the first domain is -36.8 kcal/mol. Comparing the free energies using the Dynamic Programming Algorithm (DPA) with the same restrictions on G-U closure, the whole segment-if run together-has a free energy of -182.3 kcal/mol, and the first domain has a free energy of -72.0 kcal/mol. The DPA is purely based upon the minimization of the free energy, so the free energies obtained from the DPA are lower than those from the GA. In addition, when the combined domains were run, the DPA finds six truepositive stems in the first domain and only four true-positive stems in the second domain, out of a total of 45 positive stems. In fact, as is pointed out by other authors (Zuker, 1989; Zuker et al., 1991) , for long sequences, some RNAs are often not folded into phylogenetic structures with the lowest free energies. Furthermore, the DPA cannot deal with the pseudoknots, and does not give results that are as accurate as the GA when compared with the phylogenetic structures. The average numbers of iterations of one run for the two domains combined and the first domain are ~469 and 218 generations, respectively. The average unoptimized running time per generation for the two domains combined and the first domain alone are 1.95 and 1.32 s, respectively. Therefore, for the entire sequence, the average time per run is 15.24min;andforthe first domain, the average time per run is ~4.80min.
co-occur 21 times, i.e. 42%. Moreover, pseudoknots PK4 and PK2 co-appear one additional time, and pseudoknot PK2 emerges three more times. It is fairly significant that some stems of a sequence co-occur to form a motif at such a rate. Further analysis of this phenomenon is under way.
The pseudoknot PK3 is formed by the two stems (817, 832, 4) and (823, 840, 6) . In folding this sequence, nucleotides on the 3' side of stem (823, 840, 6) have strong long-range interactions with the nucleotides at the 3' end of the sequence, forming a stem (833, 1233, 7) with a free energy of -13.3kcal/mol. Also, stem (817, 832, 4) extends by two base pairs to form the stem (817, 832, 6) . The rates of appearance of these two stems (817, 832, 6) and (833, 1233, 7) are very high at 98 and 100%, respectively. However, by removing this strong stem (833, 1233, 7) from the stem pool, the pseudoknot PK3 can appear at a rate as high as 100%.
If the G A is run on the segment of STN V-1 that ranges over nucleotides 732-869 and thus has a total of 138 nucleotides, and a stem (823, 840, 6 ) is intentionally inserted into the stem pool (because this stem originally does not exist in the stem pool by the prohibition of G-U closure), the pseudoknot cascade, formed by the four pseudoknots, PK1, PK2, PK3 and PK4, along with the two stems (841, 869, 4) and (847, 862, 4) , can be exclusively found at each run. The non-deterministic GA turns out to be deterministic running on this fragment.
The bacteriophage T2, T4 and T6 gene 32 mRNA sequences
Using the phylogenetic approach, people proposed that a pseudoknot is acting as the nucleation site in the bacteriophage T2, T4 and T6 gene 32 mRNA sequences (McPheeters et al., 1988) . The T2, T4 and T6 sequences have 946, 1340 and 946 nucleotides, respectively. As illustrated in Figure 7 , the pseudoknot in the T4 sequence consists of two stems (277, 292, 4) and (282, 304, 7) , and these two stems then form a quasi-continuous double helix by coaxial stacking. In the T2 and T6 sequences, the pseudoknots are comprised of two stems (2, 19, 5) and (8, 33, 7) , respectively, which have the same locations at the very beginning of two sequences.
Since the T4 sequence has 1340 nucleotides, the stem pool, created from the sequence during the preprocessing phase, can have as many as 49954 stems, when G-U closure is forbidden. Because we are dealing with such a large stem pool, the new annealing mutation operator played a substantial role in the convergence of the algorithm.
After 50 runs of the GA on each sequence, the results are shown in Table IV . For the T2 sequence, the rate of finding the pseudoknot is 100%. For the T6 sequence, the pseudoknot appears 90%, although the stem (2, 19, 5) occurs 100%. For the T4 sequence, which is 50% longer than T2 and T6, the pseudoknot is found at the rate of 42%, even though the stem (282, 304, 7) shows up 100% in 50 runs.
With 50 runs of the GA on the T4 sequence, the average free energy is -216.6 kcal/mol. The free energy using the DPA is -263.2 kcal/mol. The average unoptimized running time per generation is ~3.77s, and the average number of generations is -570. Therefore, the total time per run is 0.60 h. Running the GA on T2 and T6 is much faster than on T4. 
Visualization of the evolution of structures on the Mas Par
The MasPar MP-2 has 16 384 processors, which can be viewed as a two-dimensional configuration of a square of 128 processors by 128 processors. To visualize the performance in each processor, windows of a 128 x 128 grid of colorcoded cells are produced by invoking X-Window interfaces. In such a way, each grid point corresponds to a processor, and different colors show different values. In our application, at user-specified generation intervals, the GA can pop up three windows on the screen: the fitness window, the trace window and the pseudoknot window. While running the GA on the bacteriophage T4 sequence, the three windows depicting the status at the 71st generation in a run are shown in Figures 8, 9 and 10, respectively. In this specific run, the GA converges at the 471 st generation. For presentation purposes in this article, these three figures are shown in gray scale.
The fitness window shows the convergence and the fitness interactions of the population across all processors. In this window, the color is scaled from red through green to blue according to the fitness values, i.e. the negative of free energies. Therefore, when the GA starts, the entire window is red. As the GA proceeds, the changing of the colors in the window demonstrates the evolution of the distributions of the free energies across all the processors. A cluster of colors indicates that the structures in processors located inside the cluster may have similar free energies. The clusters of colors may emerge, disappear, move, grow and merge. Finally, when the GA converges, a blue color then dominates the whole window. Figure 8 shows those clusters, and the lighter clusters correspond to the lower free energies than the darker clusters.
The trace window depicts whether or not the stems traced intentionally by users have been found in the conformation of structures, and in which processors they have been found. Different stems being traced appear in different colors in the window, and the overlap of different stems in the same processor is represented in other colors. The background black color indicates that no stem traced occurs in the corresponding processors at that generation. So, by following the variation of the colors in the window, it is easy to see the appearances and disappearances of the traced stems in the structures over the processors. While running the GA on the bacteriophage T4 sequence, two stems (277,292,4) and (282, 304, 7) , that form a pseudoknot, are traced. In Figure 9 , the white areas are processors on which both stems occur-this represents the appearance of the pseudoknot; the dark areas are those on which none of the above two stems appears; and the other two different gray-color areas are those on which only one out of two stems is present respectively-the larger area corresponds to the stronger stem (282, 304, 7) .
The pseudoknot window indicates whether and in which processors pseudoknots have occurred. Different numbers of pseudoknots in a tertiary structure are associated with different colors. Thus, by combining the evolutions shown in the two displays, the trace window and the pseudoknot window, one can observe how the pseudoknots are forming across all the processors on the MasPar. In Figure 10 , no pseudoknot has been found in the dark areas, only one pseudoknot in the less dark areas, two pseudoknots in the light areas, and three pseudoknots in the very small lightest areas.
Furthermore, the two stem lists (the secondary structure stems and the pseudoknot stems) and free energy values, which describe the tertiary structure present at any time in any processor, may be viewed interactively by clicking the mouse on any processor pixel in any of the above three windows. In addition, the two-dimensional coordinates of the selected processors are shown on the screen. Such X-Window tools used in conjunction with the massively parallel architecture of MasPar provide us with a convenient way to visualize the evolution of the structures of RNA sequences.
Discussion
The GA developed on the massively parallel architecture of the MasPar MP-2 supercomputer provides an efficient way to predict the existence of the H-type pseudoknots. By utilizing the colorful X-Window interfaces, the evolution of tertiary structures across all processors can be visualized.
While folding the 3' UTR of the STNV-2 RNA (combined domains), we found somewhat better results for the second domain compared with the first. The difference seems to be at least partially explainable by the existence of longer-range interactions in domain 2. Also, as folding the 3' UTR of the STNV-1 RNA (combined domains) pointed out before, a strong long-range-interacting stem (833, 1233, 7) blocks the formation of pseudoknot PK3, as shown in Figure 6 . The folding pathway seems to be significant in determining the final structure. Global minima are not being found with the GA because certain folding pathways are preferred, causing short-range interactions to be a dominant force. This, as mentioned before, seems to correspond better to phylogenetic structures than a purely minimum energy approach utilized by the DPA. Adjustment of the energy rules, as well as incorporation of additonal rules biasing interactions to short range, should further improve results. Some preliminary evidence utilizing these concepts in the algorithms seems to be quite encouraging. Further work on these issues is currently under way. Nonetheless, the GA's results match the phylogenetically supported tertiary structures of the sequences dealt with so far by us. In this regard, the GA is comparably superior to the purely minimum energy-based DPA.
Limited by the existing energy rules, the GA at this stage can only cope with the H-type pseudoknots. As the energy rules develop, the GA can predict more complex types of pseudoknots. On the other hand, it is certainly possible that by using the GA to simulate the foldings of RNA sequences, one should be able to develop new energy rules and strategies regarding more complex tertiary interactions.
